Lesional skin of atopic dermatitis (AD) harbors high numbers of dendritic cells with enhanced stimulatory capacity for T lymphocytes. In this study, lesional AD skin was shown to stain heavily in both epidermal and dermal compartments for GM-CSF, a cytokine crucial to dendritic cell functions. Keratinocyte cultures established from uninvolved skin of AD patients exhibited markedly increased spontaneous and PMA-stimulated release of GM-CSF compared with keratinocytes from nonatopic controls. Correspondingly, keratinocytes from AD patients showed higher constitutive as well as PMA-induced GM-CSF gene expression. Larger amounts of GM-CSF were produced by AD keratinocytes, also in response to IL-1 ␣ , but not after stimulation with LPS, lipoteichoic acid, or staphylococcal enterotoxin B. Hydrocortisone reduced GM-CSF gene expression and protein release in both atopic and control keratinocytes. Supernatants from atopic keratinocytes were able to strongly stimulate PBMC proliferation in a GM-CSF-dependent manner. Moreover, conditioned medium from PMA-treated AD keratinocytes, together with exogenous IL-4, could support phenotypical and functional maturation of peripheral blood precursors into dendritic cells. Enhanced production of GM-CSF by keratinocytes may contribute relevantly to the establishment and chronicity of AD lesions, in particular to the increased number, sustained activation, and enhanced antigen-presenting functions of dendritic cells. ( J. Clin. Invest. 1997. 99:3009-3017.) 
Introduction
Atopic dermatitis (AD) 1 is a chronic and relapsing inflammatory skin disease, characterized by typically distributed eczem-atous skin lesions. In many cases, it is associated with elevated serum IgE levels, peripheral blood eosinophilia, as well as rhinoconjunctivitis and/or bronchial asthma. Genetic susceptibility, abnormal lipid synthesis with epidermal barrier dysfunction, and altered inflammatory and immune responses to irritants and allergens are supposed to contribute to AD pathogenesis (1) . Acute and chronic skin lesions in AD are characterized by the infiltration of activated T cells, predominately CD4 ϩ , and monocyte macrophages. Although eosinophils are not prevalent by routine histology, chronic AD is associated with extensive dermal deposition of eosinophilderived proteins (1) . Furthermore, lesional skin of AD patients exhibits an increased number of cells belonging to the dendritic cell (DC) lineage, including epidermal Langerhans cells (LC), dermal DC, and a distinct population of epidermal CD1a ϩ DC expressing CD1b and/or CD36 (2) (3) (4) . An additional characteristic of DC in AD is the markedly upregulated expression of the high affinity receptor for IgE (Fc ⑀ RI), especially in this last DC population (5) .
DCs represent the most potent antigen-presenting cells for the activation of T lymphocytes and they are well represented in tissues forming an interface with the environment such as the skin and respiratory mucosae (6) . Interestingly, epidermal and dermal DC present in AD lesions express activation markers such as B7-1 and B7-2 (7) . In addition, epidermal LC isolated from AD lesions display enhanced stimulatory capacity towards autologous peripheral blood T cells in the absence of exogenously added antigen (4), thus providing a fundamental mechanism for the perpetuation of immune inflammation in the skin. In this context, expression of the Fc ⑀ RI by DC may be pivotal for more efficient presentation of allergens that penetrate the skin to T lymphocytes (8, 9) . In an analogous disease (i.e., atopic asthma), the number of DC populating the bronchial mucosa is also significantly higher than in healthy control subjects, and an important involvement of DC in the asthmatic inflammation has been suggested (10, 11) .
The pattern of cytokines expressed locally is critical in modulating the nature, extent, and persistence of inflammation in AD (12) . Keratinocytes, the major epidermal cell population, are known to be activated by a variety of stimuli, and to synthesize and release several cytokines with a modulatory activity on skin immune responses. In particular, keratinocytes can produce GM-CSF, a cytokine essential for DC development and deeply involved in the regulation of DC functions (13) . In this study, lesional skin of AD patients was shown to stain heavily for GM-CSF in both epidermal and dermal compartments as compared with nonlesional skin. In addition, keratinocytes cultured from AD patients produced, spontaneously or after stimulation, high amounts of GM-CSF as compared with keratinocytes from nonatopic controls. Finally, conditioned medium from stimulated AD keratinocyte cul-tures could support the differentiation of CD1a ϩ DC from peripheral blood precursors.
Methods
Subjects. Eight patients with moderate to severe chronic AD were included in the study. Patients had definite AD diagnosed according to standard criteria (14) . They were not receiving any systemic therapy for at least 2 wk before testing, and the only medications allowed were limited amounts of topical corticosteroids. Clinical details are shown in Table I . Punch biopsies were taken from nonmedicated lesional skin of three AD patients (No. 1, 2, and 4), from uninvolved skin of two patients (No. 2 and 4), and from three nonatopic controls (No. 1, 3, and 6). Epidermal sheets for keratinocyte cultures were obtained from the roof of suction blisters raised on normal-looking skin of the forearms of all eight AD patients included in the study. Control skin was obtained from four healthy, nonatopic individuals (four females, 20 to 40 yr; mean age 28 yr) undergoing plastic surgery (mammoplasty or abdominoplasty) (No. [1] [2] [3] [4] . In two additional subjects (males, 36 and 50 yr), epidermis was obtained from suction blisters produced on normal skin of the forearms (No. 5 and 6). Control subjects had no personal or family history of AD, asthma, or hay fever, and serum IgE levels were within normal limits. Informed consent was obtained from all subjects, and the study was approved by the Istituto Dermopatico dell'Immacolata Ethical Committee.
Reagents Mouse anti-human GM-CSF (IgG1) mAb was from Genzyme, Corp.; anti-CD1a (BB5, IgG1) and FITC-conjugated anti-CD1a were from Serotec Ltd. (Kidlington, Oxford, UK); mAbs anti-HLA-DR (L243, IgG2a), FITC-conjugated anti-HLA-DR, anti-CD16 (GO22, IgG1), anti-CD19 (4G7, IgG1), and anti-CD14 (M ⌽ P9, IgG2b) were obtained from Becton Dickinson & Co. (San Jose, CA); anti-CD23 (Tu-1, IgG3), anti-CD80 (BB-1, IgM), anti-CD36 (SM ⌽ , IgM), and anti-CD1b (WM25, IgG1) from Ylem (Avezzano, Italy); anti-CD86 (FUN-1, IgG1) was from PharMingen (San Diego, CA). Anti-Fc ⑀ RI (15-1, IgG1) was a kind gift from Dr. J.P. Kinet (Beth Israel Hospital, Boston, MA). FITC-conjugated anti-mouse Ig F(ab Ј ) 2 was purchased from Silenus (Hawthorn, Australia). Control mouse IgG1 (C7-1) was a gift from Dr. E. Bonmassar (University of Tor Vergata, Rome, Italy).
Immunohistochemistry. Frozen 5-m skin sections were fixed in acetone, permeabilized with 0.05% Triton X-100, and then incubated overnight at 4 Њ C with appropriate dilution of anti-human GM-CSF mAb or control mouse IgG1, as described (15) . Sections were stained according to an avidin-biotin-peroxidase technique (Vector Laboratories, Inc., Burlingame, CA), using 3-amino-9-ethylcarbazole as substrate. In competition experiments, anti-human GM-CSF mAb was incubated overnight with 10 g/ml rhGM-CSF at 4 Њ C before application to tissue sections.
Keratinocyte cultures. Epidermal cell suspensions were prepared from suction blister roofs or from plastic surgery skin after separation of the epidermis from dermis with 0.5% dispase (Boehringer Mannheim, Mannheim, Germany). Briefly, epidermal sheets were rinsed on PBS, and then exposed to 0.25% trypsin (Biochrom KG, Berlin, Germany) for 30 min, followed by 5 min of vigorous pipetting. After trypsin neutralization with equal volume of medium with 10% FBS (Delta Bioproducts, Johannesburg, South Africa), stratum corneum debris were removed using a 100-m Falcon strainer (Becton Dickinson & Co., Franklin Lakes, NJ). Isolated epidermal cells were seeded (1.2 Ϫ 2 ϫ 10 4 /cm 2 ) on a feeder layer of irradiated 3T3/J2 fibroblasts (2 ϫ 10 4 /cm 2 ) and cultured according to an optimized Rheinwald and Green culture technique (16) . Culture medium consisted of a mixture of one part Ham F12 medium and three parts DME medium (Biochrom KG) supplemented with 10% FBS, 180 M adenine, 0.4 g/ml hydrocortisone, 5 g/ml insulin, 5 g/ml apotransferrin, 0.1 nM cholera toxin, 2 nM triiodotyronine, 10 ng/ml human EGF (all Sigma Chemical Co.), 4 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (all Biochrom KG). At 70-80% confluence, keratinocytes were detached with 0.05% trypsin/0.02% EDTA, and then subcultured or frozen. Before being employed in functional assays, keratinocyte supernatants (20 ml each experiment) were dialyzed extensively against PBS (25 liters) at 4 Њ C.
ELISA assays. Cytokine quantitation was performed on supernatants collected after 48-h treatment of subconfluent second-or third-passage keratinocyte cultures carried out in 1.9 cm 2 wells. Unless otherwise stated, during the assays Rheinwald medium was used in the absence of hydrocortisone and containing 0.1% BSA (Sigma Chemical Co.) instead of 10% FBS. GM-CSF Predicta ® kit was purchased from Genzyme, Corp. and used according to the manufacturer's instructions. An ELISA reader (3550 UV; Bio-Rad Laboratories, Hercules, CA) was used. Keratinocyte cultures were carried out in triplicate for each condition and the data are represented as mean picograms or nanograms per 10 6 cells Ϯ SD.
RNA preparation and analysis. RNA was extracted with a modified guanidine isothiocyanate-acid phenol protocol (17) using Ultraspec ™ RNA Isolation System (Biotecx, Houston, TX). For reverse transcription PCR (RT-PCR) analysis, 1 g of total RNA was reverse transcribed with oligo-dT as primers (18) , using a Perkin-Elmer RNA PCR kit (Roche Laboratories, Nutley, NJ), following the manufacturer's instructions. Amplifications of cDNA were performed in a final volume of 50 l, with the thermal cycler GeneAmp PCR System 2400 (Perkin-Elmer Corp., Norwalk, CT). Synthetic oligonucleotides were used. As 5 Ј GM-CSF primer: TGGCTGCAGAGCCTGCT-GCTC, and as 3 Ј GM-CSF primer: CAGTTCCAGTGACTCTTT-CGGTGGAGCGTC. For GM-CSF cDNA amplification (expected cDNA product: 432 bp), 32 cycles were performed. Each cycle: 94 Њ C for 1 min, 60 Њ C for 1 min, 72 Њ C for 1 min. As 5 Ј G3PDH primer: TGAAGGTCGGAGTCAACGGATTTGGT, and as 3 Ј G3PDH primer: CATGTGGGCCATGAGGTCCACCAC. For G3PDH cDNA amplification (expected cDNA product: 983 bp), 26 cycles were performed. Each cycle: 94 Њ C for 1 min, 60 Њ C for 2 min. Gels were stained with ethidium bromide and photographed with an ultraviolet transilluminator. For Northern blot experiments, RNA samples were fractionated on 1% agarose/2% formaldehyde gels (Sigma Chemical Co.) and transferred onto Hybond-N membranes (Amersham International, Little Chalfont, UK) by capillarity. Blots were hybridized and washed under high stringency conditions (19) with a [ 32 P]DNA probe labeled by random priming with [ 32 P]dCTP (specific activity 3,000 Ci/ mmol; Amersham International) (20) . The probe used for GM-CSF mRNA ( ‫ف‬ 0.8 kb) detection was kindly provided by Dr. S. Ferrari (University of Modena, Modena, Italy), and described elsewhere (21) . As an internal control for the amount of RNA used, blots were hybridized using a probe corresponding to 28S rRNA. The membranes were exposed to films at Ϫ 70 Њ C for 2-4 d. PBMC proliferation test. PBMC were obtained by standard density gradient centrifugation of peripheral blood from healthy individuals. Unfractionated PBMC (4 ϫ 10 5 cells/well) were cultured in 96-well microculture plates in RPMI 1640 (Biochrom KG) supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM nonessential aminoacids, 2 mM L-glutamine, 25 mM Hepes, 100 U/ml penicillin, 100 g/ml streptomycin (all Biochrom KG), and 0.05 mM 2-mercaptoethanol (Merck, Darmstadt, Germany) (complete RPMI) at 37 Њ C with 5% CO 2 , in the presence of different concentrations of rhGM-CSF or 50% (vol/vol) dialyzed keratinocyte supernatants. In some experiments, anti-GM-CSF mAb (final concentration 100 g/ml) was used. After 3 d, cultures were pulsed with 5 Ci/ml 3 H-thymidine (specific activity 82 Ci/mmol, Amersham International) for ‫ف‬ 16 h at 37 Њ C, harvested onto fiber-coated 96-well plates (Unifilter ™ plates; Packard Instruments, Groningen, The Netherlands), and radioactivity measured in a ␤ -counter (Topcount ™ ; Packard Instruments). Results are given as mean counts per minute Ϯ SD of triplicate cultures. Statistical analysis was performed using the Student's t test.
Adherent monocytes and monocyte-derived DC. DC were generated from adherent monocytes according to a defined protocol (22) . Briefly, PBMC were allowed to adhere on tissue culture Petri dishes at 37 Њ C. After 2 h, firmly adherent cells were recovered and depleted of CD2 ϩ , CD16 ϩ , and CD19 ϩ cells by incubation with immunomagnetic beads coated with specific mAbs (Dynabeads M450; Dynal, Oslo, Norway). Remaining cells ( Ͼ 90% CD14 ϩ ) were used immediately or cultured at 10 6 /ml in complete RPMI added to 200 ng/ml rhGM-CSF and 200 U/ml rhIL-4 at 37 Њ C with 5% CO 2 . In experiments testing keratinocyte-conditioned medium, keratinocyte supernatants were dialyzed and either used at 50% (vol/vol) or 20-fold concentrated after dialysis, and in this case used at 15% (vol/vol) final culture medium. Supernatant concentration was performed using Centriprep-3 (membrane cutoff ϭ 3,000) concentrators (Amicon, Inc., Beverly, MA). Culture medium was replaced after 3-4 d and DC were used after 6-7 d of culture.
Cell suspension immunolabeling. Adherent monocytes or monocyte-derived DC were incubated for 30 min with PBS containing 5% human serum, and then stained on ice with FITC-conjugated mAbs or unconjugated primary mAbs followed by FITC-conjugated antimouse Ig. In control samples, the primary mAb was omitted or substituted with a matched isotype control. Cells were evaluated with a FACScan ® equipped with Cell Quest software (Becton Dickinson & Co., Mountain View, CA).
Mixed leukocyte reaction. Freshly prepared adherent monocytes, or monocytes treated with cytokines or concentrated keratinocyteconditioned medium, were cocultured in 96-well microculture plates together with 2 ϫ 10 5 cells/well allogeneic T lymphocytes. T lymphocytes were purified from PBMC by depletion of adherent cells, followed by treatment with a mixture of anti-HLA-DR, anti-CD19, and anti-CD16 mAbs and immunomagnetic depletion. After two rounds of bead depletion, the purity of T cells was Ͼ 95%. Culture medium consisted of complete RPMI containing 5% autologous human serum. After 2-5 d, cocultures were pulsed with 5 Ci/ml 3 H-thymidine for ‫ف‬ 16 h at 37 Њ C, and incorporated radioactivity measured as described above. Results are given as mean counts per minute Ϯ SD of triplicate cultures.
Results
Increase in immunoreactive GM-CSF in lesional skin of AD patients. Erythematous chronic lesions and nonlesional skin of three AD patients were evaluated for GM-CSF immunoreactivity. Both the epidermal and dermal compartments of lesional skin were strongly reactive for GM-CSF. In the epidermis, keratinocytes showed uniformly high cytoplasmic reactivity ( Fig. 1 ). Intense staining with a cytoplasmic pattern was ob-served in the perivascular inflammatory cell infiltrate and in cells of the upper part of the dermis, with individual inflammatory cells staining more strongly than keratinocytes, in agreement with the results of previous in situ hybridization studies (23) . Nonlesional skin of AD patients displayed very limited inflammatory infiltrate and epidermal changes. These sections showed faint epidermal GM-CSF reactivity ( Fig. 1 ) and scattered positive cells in the dermis, with a pattern similar to that of normal skin from nonatopic controls (not shown). Staining of lesional and nonlesional skin of AD patients with the absorbed anti-GM-CSF mAb showed only trace reactivity.
The observation of intense GM-CSF immunoreactivity in epidermis of lesional skin led us to study the regulation of GM-CSF production in keratinocytes from AD patients in vitro.
Keratinocytes cultured from AD patients show enhanced production of GM-CSF compared with keratinocytes from nonatopic controls. Keratinocyte cultures were established from normal-appearing skin of AD patients and nonatopic controls, and evaluated for GM-CSF release in the supernatants. Keratinocytes were used at second or third passage to avoid any possible influence from medications applied to the skin and eliminate the presence of any contaminating cells; (i.e., passenger leukocytes). Fig. 2 A shows that spontaneous GM-CSF release by untreated keratinocyte cultures prepared from control individuals was uniformly low. In contrast, keratinocytes from seven of eight AD patients released substantial amounts of GM-CSF, 3-25-fold higher than control keratinocytes. When stimulated with 10 ng/ml PMA for 48 h, a dramatic increase in GM-CSF release was observed in supernatants of keratinocytes from both nonatopic donors and AD patients (Fig. 2  B ) . However, keratinocyte cultures prepared from seven of eight AD patients released much higher levels of GM-CSF than control keratinocytes. Because primary cultures from AD patients were prepared from suction blister epidermis, whereas primary cultures from the first four control subjects were obtained from surgery skin, we asked whether different GM-CSF release was due to differences in skin donor site or in the selection of distinct proliferating keratinocyte populations (e.g., nonfollicular vs. follicular keratinocytes). Therefore, two additional nonatopic controls (No. 5 and 6) were studied whose primary cultures were established from a skin site and with a procedure (suction blister) identical to those employed for AD patients. Yet, control keratinocyte cultures produced lower amounts of GM-CSF. In addition, increased production of GM-CSF by AD keratinocytes was also observed when cells were plated at different densities (not shown).
RT-PCR analysis showed higher constitutive as well as PMA-induced GM-CSF gene expression in AD-derived keratinocytes compared with healthy control keratinocytes ( Fig. 3  A ) , suggesting that a dysregulation of GM-CSF production by AD keratinocytes is present at a pretranslational level. Northern blot analysis confirmed the presence of a higher expression of GM-CSF mRNA in stimulated AD keratinocytes after 12 h stimulation with 10 ng/ml PMA, whereas untreated nonatopic as well as atopic keratinocytes did not give visible bands in the experimental conditions employed (Fig. 3 B ) . In the above mentioned experiments, keratinocytes were cultured in medium without hydrocortisone, which is known to suppress GM-CSF production by keratinocytes (24) . The addition of hydrocortisone (0.4 g/ml) to the culture medium was capable of downregulating GM-CSF gene expression ( Fig. 4 ) and markedly lowering GM-CSF protein release in keratinocytes from both AD patients and controls. For example, hydrocortisone decreased spontaneous GM-CSF release from 11.25 Ϯ 1.5 to lanes 1 and 2) , and AD cases 1 (lanes 3 and 4) and 4 (lanes 5 and 6) . 1 g RNA was used for retrotranscription. Product size: GM-CSF, 432 bp. G3PDH, 983 bp. (B) Northern blot analysis: total RNA (10 g/ml) was extracted from keratinocyte cultures prepared from control case 5 (lanes 1 and 2) and AD case 6 (lanes 3 and 4) after a 12-h treatment. As an internal control for the amount of RNA used, blots were hybridized using a probe corresponding to 28S rRNA ‫ف(‬ 5.1 kb). GM-CSF mRNA ‫ف(‬ 0.8 kb) was not detectable in nonstimulated keratinocytes. Other stimuli, such as IL-1 (24) and bacterial products (25), known for their potential to stimulate GM-CSF secretion by keratinocytes, have been tested. LPS, lipoteichoic acid, and staphylococcal enterotoxin B did not increase GM-CSF release, either in healthy or AD keratinocytes cultures. On the other hand, IL-1␣ induced an increase in GM-CSF release that was much higher in cultures of AD keratinocytes compared with control keratinocytes (Fig. 5) .
Supernatant from AD keratinocytes stimulates proliferation of PBMC and supports immunophenotypical and functional maturation of peripheral blood precursors towards the DC lineage. GM-CSF is an efficient proliferatory stimulus for PBMC (26) . Therefore, we tested whether supernatants from keratinocytes could promote PBMC proliferation. In Fig. 6 , proliferation data for PBMC cultured for 72 h in complete RPMI in the presence of different concentrations of rhGM-CSF (Fig. 6,  inset) , or dialyzed keratinocyte supernatants of untreated or PMA-stimulated keratinocytes, are reported. Supernatants of unstimulated keratinocytes from AD patients could induce a PBMC-proliferative response significantly higher than that obtained with supernatants of control keratinocytes (P Ͻ 0.003). Conditioned medium from PMA-stimulated keratinocytes promoted increased PBMC proliferation, again with augmented response when supernatants of AD keratinocytes were used (P Ͻ 0.003). PBMC proliferation due to keratinocyte supernatants could be specifically and totally abrogated when an anti-GM-CSF mAb, but not control mouse IgG1, was added to the culture, confirming the essential role of GM-CSF for this effect.
Recently, it has been shown that adherent peripheral blood monocytes (CD14 ϩ , CD1a Ϫ ) can be driven to differentiate into DC when cultured for a few days in the presence of rhGM-CSF and rhIL-4 (22) . Thus, in the following experiments, we sought to determine whether AD keratinocyte-conditioned medium could support differentiation of DC from monocytes. Preliminary experiments using 30-50% (vol/vol) PMA-treated keratinocyte-conditioned medium failed to show any significant change in morphology or immunophenotype of treated monocytes. Subsequently, supernatants from PMA-stimulated AD keratinocytes were 20-fold concentrated and used at 15% (vol/vol) final culture medium together with 200 U/ml rhIL-4. GM-CSF in the concentrated keratinocyte-conditioned medium was typically 2-4 ng/ml, as determined by ELISA. Morphologically, monocytes cultured in the presence of concentrated AD keratinocyte supernatant formed loosely adherent colonies and developed a typical dendritic morphology with thin cytoplasmic projections; results are undistinguishable from DC generated in the presence of rhGM-CSF (Fig. 7, A  and B) . Addition of rhIL-4 alone or of anti-GM-CSF mAb to monocytes cultured with supernatant of PMA-stimulated keratinocytes resulted in poor cell survival after a few days (Fig.  7, C and D) . Similarly, monocyte cultures supplemented with supernatant from nonatopic control keratinocytes could not be carried out because of the high mortality rate after 2-3 d (data not shown). In Fig. 8 , the immunophenotypical profiles of freshly prepared adherent monocytes ( Fig. 8 A) , of DC generated from monocytes after 7 d of culture with rhGM-CSF and rhIL-4 ( Fig. 8 B) , and of cells obtained after 7 d of culture in the presence of concentrated supernatant from PMA-treated AD keratinocytes and rhIL-4 ( Fig. 8 C) , are compared. Conditioned medium from PMA-treated AD keratinocyte cultures induced increased expression of HLA-DR, CD1a, and CD1b, and strongly decreased CD36 and CD14 expression. In contrast, no effects were observed in the expression of CD80 and CD86 costimulatory molecules as well as of CD23 and Fc⑀RI.
Functionally, DC obtained using conditioned medium from PMA-treated AD keratinocyte cultures were stronger stimulators of naive allogeneic T cells compared with adherent monocytes, even though less potent than DC generated with rhGM-CSF ( Fig. 9 ).
Discussion
The results presented here show a strong immunoreactivity for GM-CSF in lesional AD skin with intense staining of both the inflammatory infiltrate and keratinocytes, suggesting that GM-CSF is over-produced by keratinocytes in AD in vivo. Nonlesional skin of AD patients showed faint epidermal GM-CSF reactivity, and a general pattern that appeared undistinguishable from that of normal skin from nonatopic controls. By contrast, in vitro studies show that epidermal keratinocytes from most AD patients spontaneously synthesize and release increased quantities of GM-CSF, as compared with keratinocytes cultured from nonatopic controls. This difference between in vivo and in vitro findings in basal expression of GM-CSF is possibly a consequence of the different sensitivities of the techniques employed. On the other hand, culture conditions could provide nonspecific stimuli to cells, with atopic keratinocytes appearing more susceptible than nonatopic keratinocytes. PMA was a potent stimulus for induction of GM-CSF gene expression as well as protein release, with keratinocytes from seven of eight AD patients showing exaggerated responses. PMA is a potent activator of phospholipid-and Ca ϩϩdependent protein kinase C and mimics the action of diacylglycerols. We could demonstrate that, similar to what is seen with PMA, synthetic 1,2-dioctanoyl-sn-glycerol promoted significantly higher GM-CSF secretion from AD keratinocytes when compared with healthy controls (data not shown). Also, IL-1␣ was able to induce enhanced GM-CSF release from cultured keratinocytes, as previously published (24) , AD keratinocytes were still producing significantly higher levels of this growth factor when compared with healthy controls. AD skin is characterized by impaired epidermal permeability barrier, and this may be causally linked to skin inflammation since acute barrier perturbation can stimulate production of cytokines, including IL-1␣ and GM-CSF, in both mice and humans (15, 27, 28) . Bacterial infections are well recognized triggers of AD flares (1), but bacterial products (LPS, lipoteichoic acid, or esotoxins) did not increase GM-CSF release over basal levels in either AD or control keratinocytes.
Quite interestingly, our data on an enhanced production of GM-CSF extend to epidermal cells what other researchers have variously reported for atopic diseases of the respiratory tract. Cell cultures obtained from bronchial biopsies of atopic asthmatics were found to release significantly higher amounts of GM-CSF when compared with controls, and the epithelial origin of the growth factor has been demonstrated (10) . Moreover, PBMC, T cells, and bronchoalveolar lavage cells from asthmatic patients have been shown to spontaneously release significantly higher concentrations of GM-CSF into the culture medium, when compared with cells from control subjects (29, 30) . In the case of AD, Bratton et al. found that PBMC from AD patients produce significantly higher levels of GM-CSF compared with PBMC from healthy controls (23) . In the same study, they also noticed by in situ hybridization that skin biopsies from chronic AD patients presented a significantly greater number of GM-CSF mRNA-positive dermal as well as epidermal cells compared with healthy controls, and proposed that, in addition to infiltrating inflammatory cells, keratinocytes . Supernatants from AD keratinocyte cultures potently stimulate PBMC proliferation. Unfractionated PBMC were cultured for 72 h in the presence of dialyzed keratinocyte-conditioned medium. Supernatants (Sups) from unstimulated or PMA-stimulated control keratinocytes did not promote significant PBMC proliferation. In contrast, supernatants from unstimulated or PMA-stimulated AD keratinocytes enhanced PBMC proliferation significantly (P Ͻ 0.003). Anti-GM-CSF mAb (100 g/ml) could abrogate completely the stimulating activity of PMAtreated AD keratinocyte supernatants on PBMC proliferation. PBMC-proliferative response to rhGM-CSF is shown (inset). could abundantly contribute to this scenario. Our results confirm these findings at the protein level and emphasize the primary role of keratinocytes in GM-CSF overproduction in AD skin. The reason(s) for enhanced GM-CSF production by AD keratinocytes and other cells in atopics is unknown. Elevated serum IgE level has been associated with polymorphisms in chromosome 5q31.1, which contains the coding regions for several cytokines potentially implicated in allergic immune responses, including IL-4 and GM-CSF (31) . It is thus possible that in AD as well as in other atopic diseases, there is a functional polymorphism in GM-CSF coding and/or regulatory region, in turn responsible for a dysregulated synthesis of the cytokine.
An interesting observation in our study was that conditioned medium from AD keratinocyte cultures was an efficient proliferatory stimulus for cultured PBMC, an effect that could be abrogated by the use of anti-GM-CSF mAb. Moreover, supernatants from PMA-stimulated AD keratinocyte cultures, together with exogenous rhIL-4, could efficiently support maturation of monocytes into cells that presented morphological, immunophenotypical, and functional properties of DC (22) . Together with IL-3, IL-4, and IL-5, GM-CSF is released at the site of antigen-specific challenge in atopic patients, both at cutaneous (32, 33) and respiratory levels (34, 35) , and works as a potent stimulus for recruitment, proliferation, and activation of monocytes, basophils, and eosinophils. A higher release of GM-CSF can thus fully explain the nature and intensity of the inflammatory infiltrate found in the tissues involved in atopic diseases. In particular, GM-CSF was recently proved to be important for increased survival of AD monocytes in culture by reducing the spontaneous apoptotic death of these cells (23) . Furthermore, GM-CSF released by keratinocytes was shown to induce proliferation of cells of the macrophage lineage (36) , which are among the predominant inflammatory cells in chronic AD lesions (1) . Most importantly, however, it has been suggested that this growth factor can considerably contribute to DC/LC recruitment into tissues, as well as to their survival and maturation into highly efficient antigen-presenting cells. GM-CSF is recognized as a necessary factor for differentiation of DC precursors in both human and mouse systems in vitro (37) . In contrast to myeloid DC, the development of DC of lymphoid lineage has been recently shown to be independent of GM-CSF in the mouse (38) . GM-CSF is a primary stimulus for recruitment and survival, as well as activation of LC, both in vitro and in vivo (39) (40) (41) (42) . A major change after intradermal injection of GM-CSF was the progressive accumulation of CD1a ϩ , Birbeck granule-positive cells in the dermis (43) . Similarly, a close correlation has been demonstrated between the level of production of GM-CSF by human bronchial epithelium and the number of CD1a ϩ LC infiltrating this tissue, suggesting that the local production of this cytokine plays an important role in determining the distribution and number of DC/LC (44) . In agreement with the increased production of GM-CSF by keratinocytes, LC and DC are increased in number and they are in an activated state in AD lesional skin (2, 3, Figure 9 . Supernatants from AD keratinocyte cultures induce functional maturation of monocytes. Graded numbers of antigen-presenting cells (prepared as described in Fig. 6 ) were cocultured with purified naive allogeneic T cells (150 ϫ 10 3 cells/well) for 5 d. ᭝, Adherent monocytes; ᭹, adherent monocytes cultured for 7 d in the presence of concentrated supernatant from PMA-stimulated keratinocyte cultures and rhIL-4; ٗ, adherent monocytes cultured for 7 d in the presence of rhIL-4 and rhGM-CSF. Proliferation of T cells alone was 800Ϯ120 cpm. 7). In addition, AD epidermis is infiltrated by unique DC having a phenotype intermediate between DC and monocytes (CD1a ϩ , CD1b ϩ , CD36 ϩ ) and with enhanced antigen presenting capacity (4, 5) . Peripheral blood monocytes treated with AD keratinocyte-conditioned medium and rhIL-4 strongly resemble these cells in both phenotype and function. We therefore postulate that, as monocytes pass through the milieu of AD skin, they are induced to differentiate into DC by GM-CSF provided by activated keratinocytes and IL-4 released by dermal mast cells (45). In this way, increased concentrations of GM-CSF at the skin level could explain the persistent infiltration of monocytes and activated DC. Finally, GM-CSF is to date the only cytokine that has been shown to be mitogenic for human keratinocytes, both in vivo (43, 46) and in vitro (47), thus representing a favored autocrine factor responsible for the epidermal hyperplasia observed in chronic AD.
Glucocorticoids are among the most effective and frequently used treatments for atopic diseases, both of the skin and the airways. Although the mechanisms underneath their potent antiinflammatory activity are multiple, the clinical improvement is always associated with a decrease in the presence of inflammatory cells at the lesion sites. In particular, a correlation between therapeutic efficacy of inhaled corticosteroids and the decrease in the number of DC populating the bronchial mucosa of atopic asthmatic patients has been established, confirming the involvement of DC in asthmatic immune inflammation (10) . Thus it seems reasonable to propose epithelial cells as a major target of glucocorticoid activity, since these drugs downregulate the expression of signals implicated in the local attraction and activation of a variety of inflammatory cells (48, 49) .
